Glyceroneogenesis is a generally ignored metabolic pathway that occurs in adipose tissues and liver of mammalian species. This short review highlights a series of recent discoveries showing that glyceroneogenesis is important in lipid homeostasis.-
The elucidation of glyceroneogenesis began in the 1960s with the discovery that cytosolic phosphoenolpyruvate carboxykinase (PEPCK-C), the enzyme that catalyzes the first step of hepatic and renal gluconeogenesis, is present in fat cells (1) . Subsequent studies revealed that its concentration in fat cells is similar to that in the liver, yet fat tissue is not gluconeogenic because adipocytes lack the terminal two enzymes of the pathway. This led two groups of researchers to independently undertake a series of studies to elucidate the role of PEPCK-C in fat tissue (2) (3) (4) . They found that during fasting, gluconeogenic precursors such as pyruvate are converted into the glycerol backbone of triacylglycerol, the major storage form of fat. Reshef, Hanson, and Ballard coined the term glyceroneogenesis to describe this pathway (3) and developed the model in Fig. 1 to explain its metabolic role (4). They proposed that glyceroneogenesis modulates fatty acid release from adipose tissue during fasting when diet cannot provide glycerol-3-phosphate for triacylglycerol synthesis. Indeed, they demonstrated that fasting induces PEPCK-C and glyceroneogenesis and that fatty acid release from fat tissue is reduced.
Although this model fits the data, it seemed that the control of lipolysis (triacylglycerol breakdown) should be the most important means by which fatty acid release is controlled. Thus, the need to invoke an opposing futile cycle was difficult to reconcile. The tools of molecular biology were not available to prove the model 30 years ago, so little effort was expended on further studies until four recent lines of investigation demonstrated the quantitative importance of glyceroneogenesis in both liver and fat.
First, glyceroneogenesis has been measured by tracer studies in rats and humans (5, 6). Kalhan et al. showed that whole body glyceroneogenesis, primarily from the liver, provides up to 60% of plasma glyceride-glycerol (the glycerol portion of triglyceride) in fasted pregnant women (6) . Similarly, adipocyte glyceroneogenesis provides Ͼ 80% of the glyceride-glycerol in epididymal fat of rats fed a high protein diet (5).
Second, Olswang et al. genetically engineered mice that lack a DNA element required for the PEPCK-C gene to function in fat cells (7, 8) . This produced a mutant line of mice that have normal levels of PEPCK-C in their livers and kidneys but none in their white adipose tissue depots (most adipose tissue is "white" and functions to store fuel compared to brown adipose tissue, which functions to generate heat). The phenotype of these mice is consistent with the glyceroneogenic role of fat cell PEPCK-C since the rate of fatty acid release from fat tissue was increased and could not be suppressed by pyruvate. Furthermore, the mice had reduced amounts of body fat, and ϳ25% of the mice were notably lipodystrophic (abnormally low body fat content). The most lipodystrophic mice appeared to have slightly elevated levels of insulin and glucose, suggesting a mild insulin resistance. The differing genetic backgrounds of these null mice probably explains why only a fourth were lipodystrophic and tended to be insulin resistant. This parallels human diabetes and obesity, which are strongly affected by inheritance. Finally, hepatic triacylglycerol content correlated with fat tissue size in these mice, suggesting that fatty acids from fat tissue are used for hepatic triacylglycerol synthesis.
Third, Franckhauser et al. created transgenic mice that overproduce PEPCK-C in white adipose tissue (9) . The phenotype of these mice supports a glyceroneogenic role of adipocyte PEPCK-C in that they are obese due to increased re-esterification rates and glyceroneogenesis, which depress circulating fatty acids. Moreover, they are nondiabetic and appear to have a slightly increased sensitivity to insulin. Fourth, Tordjman et al. have shown that glyceroneogenesis (via PEPCK-C) is a target for thiazolidinediones, the latest generation of antidiabetic drugs, to lower fatty acid output from adipose tissue (J. Tordjman et al., unpublished results). Since elevated serum fatty acid levels cause insulin resistance and diabetes (10) , this raises the exciting possibility that adipocyte PEPCK-C is a critical target for the antidiabetic actions of this class of drugs and could point the way to the design of more effective drugs.
These recent studies provide strong support for the important metabolic role of PEPCK-C in glyceroneogenesis originally proposed by R. Hanson and L. Reshef (3). More than 30 years later, these same investigators have been major players in confirming their original predictions (6, 8) . Moreover, these recent studies have confirmed the prediction that PEPCK-C in fat tissue is involved in lipid metabolism (5, 6, 8, 9 ; Tordjman et al., unpublished results). Like other areas of physiology and metabolism, molecular biology is providing tools to revisit and answer old questions.
These recent studies raise the possibility that aberrant regulation of PEPCK-C in fat tissue may well be an etiologic factor in type 2 diabetes mellitus. The logic is as follows. An elevation of plasma fatty acids causes insulin resistance leading to diabetes (10) . Any disorder that leads to a PEPCK-C deficiency in adipose tissue will enhance the rate of fatty acid release into the blood. Moreover, the same DNA element that was ablated to generate the adipose-specific PEPCK-C null mutant mice also mediates the response of PEPCK-C to thiazolidinediones (11) . The new transgenic mice will provide invaluable model systems to further examine the metabolic consequences of PEPCK-C deficiency and overproduction under a variety of conditions such as varying genetic background, aging, treatment with antidiabetic drugs, and dietary composition to name a few.
Finally, there is strong evidence that glyceroneogenesis occurs to a significant degree in the liver (5, 6) . Indeed, tissue-specific ablation of the PEPCK-C gene in the liver resulted in a fatty liver (12) . Perhaps this perplexing observation is caused by the loss of hepatic glyceroneogenesis. In any event, glyceroneogenesis should now merit inclusion in the biochemistry textbooks.
Thanks to Drs. Richard Hanson, Lea Reshef, and Brandt Schneider for their helpful suggestions and comments on the manuscript. Figure 1 . Glyceroneogenesis modulates fatty acid release during periods of fasting. When fuel is not available from the diet, lipolysis releases glycerol and fatty acids from triglyceride stores in fat cells. Fasting lowers insulin and increases intracellular cAMP, which leads to decreased glucose utilization and increased PEPCK-C production. Fatty acid release is restrained due to increased glyceroneogenesis and re-esterification. In contrast, almost 100% of the glycerol is released because it is not phosphorylated significantly in adipocytes.
